 Effects of Cd and Zn on testicular development were assessed.
Introduction
Results presented in Fig. 1 show that overall water consumption of pregnant rats from GD0 to GD21 were significantly lower when water was supplemented with Zn, alone or in combination to Cd. During the lactation period, no difference was observed in water consumption between controls and females exposed to Cd or Zn. However, pregnant rats exposed orally to the combination of Cd and Zn showed significant lower water consumption when compared to the Cd group. Despite the difference in water consumption, daily Cd intakes, during gestation, were within the same ranges of values independently of whether this metal was administered alone (7.88±0.87 mg/kg/24h) or in combination with Zn (5.58±1.01 mg/kg/24h). Also, Zn intakes were within the same ranges of values independently of whether this trace element was administered alone (6.88±0.90 mg/kg/24h) or with Cd (6.70±1.20 mg/kg/24h). The same refers to Cd and Zn intakes during lactation.
Cadmium and Zinc levels

Cd and Zn levels in maternal plasma, placenta and in male fetal liver
A significant (p < 0.01) accumulation of Cd was measured in maternal plasma, placenta and in the male fetal liver of Cd-treated animals in comparison to control rats (Table 1) .
Interestingly, under Cd exposure, the circulating levels of Zn were significantly decreased in pregnant females as well as in male fetal liver when compared to controls. Co-exposure to Cd and Zn resulted in a significant decrease of Cd levels in all tissues but no change in Zn levels when compared to controls. Co-treatment with Cd and Zn resulted in lower levels of plasmatic Cd, but an accumulation of Cd in the placenta and decreased transfer of Cd to the male fetal liver when compared to Cd-exposed animals. As well, the Cd-induced depletion of Zn concentrations in the maternal plasma was reversed in the co-exposure group.
In testis at different ages of development
 At GD 20 Cd-exposure during gestation and lactation resulted in detectable levels of Cd in the testis at PND12 (Fig. 2) . These levels increased from PND12 to PND21 and stayed constant at PND35. Cd treatment also decreased significantly (p<0.05) the Zn levels in the testis at different postnatal age except PND 35. When mother rats were concomitantly exposed to Cd and Zn during gestation and lactation, a significant decrease of Cd level in the testis of their pups at PND 12, PND 21 and PND 35 were detected compared with Cd-exposed animals.
This treatment also partially reversed the Cd induced depletion of Zn concentrations in the testes at PND 12 (p<0.05)
Effects on reproductive outcome and offspring development
Effects on the body weight gain and reproductive outcome
During pregnancy, no significant differences were observed in maternal body weight gain between controls and treated groups. No exposed dams to Cd and/or Zn during gestation presented dystocia or late delivery. The length of pregnancy, litter size, sex ratio, live birth index (LBI) at PND0 and pups survival index (SI) at PND 4 and PND7 were unaffected by exposure to Cd and/or Zn ( Table 2) .
Effects on male offspring development
Body weight, body size and relative testes weight
As shown in Table 3 , exposure to Cd did not affect body weights (BW) or size measured in GD20 fetuses or pups at PND12, but significantly decreased (p < 0.05) BW and cranio-caudal length (CCL) of the male offspring at PND 21 when compared to the control animals. This difference could not be observed in pre-pubertal animals at PND35. Interestingly, whereas exposure to Zn alone had no effect on weight or size of the progeny, it entirely reversed the Cd-induced weight and length decrease observed at PND 21 in the co-treatment group (Cd+Zn). Indeed, BW and CCL of animals exposed to the combination of Zn and Cd were almost similar to control values at PND 21 and were significantly higher (p < 0. 05) than in Cd group.
The relative testis weight (RTW) were significantly decreased (p<0.05) in the Cd-exposed group but only at PND 35 when compared to controls. As observed in BW and CCL, exposure to Zn alone had no effect on RTW but entirely reversed the Cd-induced decrease in RTW at PND 35 in the co-exposure group.
AGD and testosterone level
To assess whether androgen production was affected by the gestational exposure to Cd and /or Zn, we measured fetal testicular testosterone content as well as the ano-genital distance (AGD) in male pups at PND4. Measurement of testicular testosterone content was highly variable and did not show any significant difference among groups. Similarly, there was no difference in the AGD measure between the four groups ( Table 2) .
To test if lactation exposure to Cd and /or Zn had an impact on testosterone production in prepubertal age, the testicular testosterone content as well as the plasmatic concentration of testosterone were evaluated at PND 35. Similarly to what was observed in male fetus, no significant differences were observed in the testicular testosterone content at PND 35.
Interestingly though, plasmatic testosterone was significantly decreased after exposure to Cd when compared to control animals (Fig. 3) . Importantly, whereas exposure to Zn alone had no effect on plasmatic testosterone at PND35, it reversed the Cd-induced decrease in testosterone concentration observed at PND 35 (Fig. 3) .
Histological and immunohistochemical analysis
Histological and immunohistochemical analysis of fetal testis
Testis morphology at GD20 remained normal and very similar between the four groups ( Fig.   4A ). AMH staining was as expected, in the cytoplasm of Sertoli cells in the four groups (Fig.   4B ). The signal intensity was not different in any group. HSP90 immunostaining showed the expected immunoreactivity in the cytoplasm of gonocytes in all groups (Fig. 4C) .
Interestingly, we systematically observed a higher HSP90 signal in the cytoplasm of gonocytes from the three treatment groups (Cd, Zn and Cd+Zn) (Fig. 5) and the tubule diameters were unaffected by any exposures (Table 4) .
Moreover, after specific staining of the Leydig cells by P450scc, a normal distribution was observed in the interstitium. As well, the number of Leydig cells determined per surface area was not affected by any treatment at any age ( Table 4) .
At PND12, testis morphology remained normal and very similar between the four groups; the tubules are lined by numerous Sertoli cells and spermatogonia, forming a pseudostratified layer (Fig. 5A ). At PND21, rat testicular sections from control animals showed the expected histological structure of seminiferous tubules with maturation of spermatogenic layers. But, interestingly, a significant increase in the percentage of seminiferous tubules containing a lumen was noted in the testis of animals exposed to Zn alone or in combination with Cd ( Fig.   5B) . Moreover, at PND35, a significant increase in the percentage of abnormal seminiferous tubules was observed in the testis of animals exposed to Cd or Zn alone (Fig. 5C ).
Seminiferous tubules were considered abnormal when complete or partial loss of germ cells was observed or when the presences of multinuclear giant cells were seen. It is interesting to note that when animals were exposed to both Cd and Zn, the percentage of abnormal tubule was similar to control animal.
Immunohistochemical analysis of HSP90 in control animals showed expression in maturing germ cells. Interestingly, in testes exposed to Cd, a stronger immunoreactivity was observed in the cytoplasm of spermatogonia at PND12 (Fig. 6 A) and in spermatocyte at PND21 ( Fig. 6 B) when compare to controls. Exposure to Zn alone did not affect the expression of HSP90 at any age but importantly, when given with Cd, it reversed the Cd-induced increase in HSP90 quantity at PND 12 and PND 21 (Fig 6) .
Discussion
The hypothesis that Zn can protect testicular tissue against Cd-induced testicular damage in adult rats was established by our and several other previous studies [8, 11, 20] . In addition, studies demonstrated that gestational and lactational exposure to Cd may produce adverse effects in the offspring, resulting in developmental, reproductive and behavioural deficits [21] [22] [23] [24] . However, consequences of Cd exposure and protective effect of Zn during pregnancy and lactation on the testicular development and function of the pups are still poorly understood. To our knowledge, the current study is the first to investigate the effect of Cd and/or Zn exposure during gestation and lactation on the development of testis in rat.
In agreement with previous study of García and González [25] , our investigation demonstrated that Cd exposure exerted no marked effect on maternal weight gain during gestation or lactation periods. However, Zn exposed animals exhibited lower water consumption in comparison to control and Cd-exposed animals during gestation or lactation period without affecting the daily Cd and Zn intake. We also observed that no maternal death was induced by the treatment, nor did we observe any difference in the gestational length, the number of pups per litter, and sex ratio in the offspring.
It was postulated that the mammalian testis was more sensitive to Cd than other organs and that low doses with no detectable effects on general health can interfere with testis function [26, 27] . In the present study, we first investigated the effects of maternal Cd exposure during gestation and lactation on fetal and early postnatal testis development. We found that Cd exposure did not impair absolute and relative fetal testis weight, which is in contradiction with the results reported by Ji et al. [6] who administered Cd intraperitoneally with CdCl 2 (0.5 mg/kg) daily during late pregnant period (from GD 13 to GD 17). This contradiction can be explained by the difference in the exposure period, route and dosage.
Moreover, except the increased expression of HSP 90, no abnormal morphology was observed in fetal testes of Cd-exposed animals. In parallel, we could not measure detectable amount of Cd in fetal testis. In the absence of detectable Cd, the increased expression of HSP 90 may be explained, at least in part, by an indirect mechanism of Cd toxicity such as interference with placental transport of essential element like Zn to the fetus [18, 28, 29] .
Indeed, the observed decrease of Zn contents in fetal liver and testis, measured in the present study, could be caused by Cd altered maternal Zn metabolism causing less transfer of this elements through the maternal side of placenta to the fetus by the inhibition of transport proteins [30, 31] . Also, our results show that Cd was accumulated in the placenta and in fetal liver but it was not detected in the fetal testis of Cd exposed-animals. These results suggest that placenta could deter most of Cd to passing from dams to fetus [32] [33] [34] . Importantly, exposure to Cd in utero did not impair fetus growth since the fetal weights and the craniocaudal length at the end of gestation (GD20) of the control and Cd group were not statistically different. This is in accordance with the study of Salvatori et al. [35] , who administered Cd at 20 mg/kg of body weight from GD 6 to GD 14. The Cd dose administered in the present study, considered as low [36] , may explain the absence of toxicity in male fetus.
The transfer of Cd through maternal milk represents the primary route of offspring exposure when rodents are exposed during both gestational and lactational periods [33, 37] .
Given that at PND 17 is the moment when the offspring for the first time consume the solid food together with milk and at PND 19 the first day of intake of drinking water occurs [38] , the present study, in agreement with previous investigations [39, 40] , confirms the importance of lactational transfer of Cd. In fact, in Cd and Cd+Zn-exposed animals, Cd was accumulated in the testis at different postnatal ages and reached conspicuous concentrations at PND 21, whereas no Cd could be detected in the control and Zn-exposed animals.
Despite the accumulation of Cd in testes during postnatal development, there is no quantitative changes in rat seminiferous tubules with respect to an eventual seminiferous tubule atrophy (there were no changes in the tubular diameter) or in relation to the amount of Leydig cells (similar to the amount observed in control testes). Excepting the increase in the percentage of tubes with lumen, under Cd and Zn influences, no histological alterations were observed at PND12 or PND21. However, the morphology and structure of the testes were significantly altered at pre-pubertal age (PND35) as evidenced by a decrease in the relative testis weight and in plasma testosterone level, indicating interference of Cd with spermatogenesis and steroidogenesis. Similar results were obtained by Pillai et al. [5] after gestational and lactational exposure to Cd. Reduction in testicular weight has been, partly, attributed to the necrotic and degenerative Cd-induced changes [41, 42] . Lower serum testosterone levels noted in Cd-exposed animals might be due to the direct effect of Cd on Leydig cells [43] [44] [45] or to an indirect effect by altering gonadotrophin from pituitary, because Cd have been shown to accumulate in the hypothalamus and the pituitary [46] . Histological alteration at PND 35 and the increased expression of HSP 90 under Cd exposure during gestation and lactation may be attributed not only to the accumulation of the toxic metal in the male gonad during postnatal development, but also to the indirect effect of Cd by interference with Zn metabolism during lactation which leads to Zn depletion in testicular tissue as shown in the present study. In fact, during the lactation period, Cd is thought to be transported from maternal plasma to mammary gland and secreted into breast milk as well as essential element like Zn. Our previous study [15] imply that the downregulation of ZnT as well as the overexpression of ZIP transporters in the mammary gland of lactating rat and in the intestine of their offspring, play a major role in Cd accumulation and Zn redistribution in tissues of suckling rats. Zn testicular depletion during lactation seems also to be due to its sequestration by Cd-induced hepatic metallothioneins (MTs) from the plasma in the organism of offspring rats, thereby increasing its concentration in the liver and kidneys and probably restricting Zn supply to other tissues [18] . Furthermore, the present study showed that Cd-exposure during pregnancy and lactation has important effects on male offspring growth by reducing the body weight and the cranio-caudal length at the end of lactation (PND 21). Accordingly, Luo et al [21] indicated that the increases in body weight and size were delayed by prenatal and lactation exposure to 5 or 10 ppm Cd in male and female offspring. The endocrine and biochemical mechanisms underlying the growth suppression produced by gestational and lactational Cd exposure can be related to decrease in the level of circulating insulin-like growth factor I (IGF-I) [47] due to alterations in the bioavailability of essential metals such as Zn [28] . In contrast, others studies showed that gestational [16] or lactational [37] Cd exposure did not affect the offspring growth. According to available data, it seems that Cd can reduce [21] or not [16, 37] male offspring growth depending on the experimental protocol.
The possible consequences of Cd exposure during pregnancy and lactation on reproductive parameters of the pups at adulthood are still poorly understood. A few studies showed that the exposure to Cd in utero and through lactation adversely affected reproductive parameters of adult male rats and mice as evidenced by compromised sperm morphology and motility and increased rate of cell death in testis as well as by decreased serum and testicular testosterone [4, 6, 7] .
In the second part of the present study we investigated the possible protective effect of Zn against Cd toxicity during testis development. Zn is one of the most important nutritional factors influencing the metabolism and toxicity of Cd [18] . The protective effect of Zn in condition of Cd exposure in animals has been demonstrated for many years by our and others research groups [11, 17, 48] . As shown in the present work, the concomitant treatment with Cd and Zn reduced Cd transfer from dams to the fetus during pregnancy and its accumulation in the testis during postnatal development. The obtained results also show that prevention of Cd accumulation and Zn deficiency under Zn supplementation was accompanied by a total protection against Cd damage in the testis at different ages of development. The protective effect of Zn against Cd-induced testicular damage may be due to interaction between the two metals at three major sites: small intestine, liver and testis. In the small intestine, enhanced consumption of Zn may decrease Cd absorption from the digestive tract and its accumulation in the offspring rat's organism, and as a result, it may protect against the toxic effects of Cd [15] . In the liver, interaction between Cd and Zn to induce MTs which sequesters Cd had been suggested as the most likely mechanisms [18] . Pre-treatment with Zn leads to rapid immobilization of Cd ions in the liver (in the form bound to the Zn-induced MTs) resulting in fewer of the ions present in the bloodstream for transport into testes [49] . Alternatively, testes produce less MTs in response to Cd accumulation than liver. Therefore, this might account for the higher susceptibility of testes to Cd toxicity [50, 51] . The protective effect of Zn may be due to interaction with Cd in the testis itself, where uptake of the two metals across endothelial cells occurs to gain access to the parenchyma. Earlier studies utilizing genetic approaches have shed light on the role of Zn transporters, such as zinc-iron related transporter proteins (ZIP8), in the uptake of Cd to the testis [52] . Moreover, Liu et al. [53] demonstrated that Zn was the best inhibitor of ZIP8-mediated Cd uptake into cells and reported that this influx increased under condition of hypozincemia. In addition, the competitive mechanism of interaction is another possible mechanism of protection of Zn in relation to Cd toxicity. Indeed, radio-labelled Zn had been reported to be incorporated into elongated spermatids and to display competitive interaction with heavy metals for incorporation [54] .
The current study shows that Zn treatment, in combination with Cd, induced a partial or total protection against Cd toxicity for several developmental parameters (Body weight and size evolution, tubular lumen formation and plasmatic testosterone level). It has been shown that Zn deficiency especially during pregnancy may impair fetal development or postnatal growth [55, 56] and Zn supplementation increases the growth rate [57] .
Conclusion,
Our results imply that Cd exposure during gestation and lactation has adverse effect on testis development. The toxic effect of Cd are, partly, caused by the disruption of Zn metabolism, which is established in mothers during pregnancy causing Zn deficiency in fetus and continues to become more pronounced during lactation when Cd is being transferred through the milk. Furthermore, our study is one of the few data that explored the protective effect of dietary Zn supplementation against Cd toxicity during early development in rat and is the first data highlighting the interactions between the two metals in fetal and postnatal rat testis. The protective effect of Zn is mediated, partly, by the increase of Zn availability and by the decrease in Cd accumulation in offspring rat organism. Other additional studies at the molecular level are required to elucidate the exact mechanisms of Cd toxicity and its interaction with Zn in testis during development in rats. Also, it would be interesting to investigate if the effects of exposure to Cd in utero and through lactation would persist later in adulthood.
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